Introduction
Lactic acid bacteria (LAB), including Lactobacillus, Lactococcus, Leuconostoc, Enterococcus, and Pediococcus, are commonly found in raw meat. LAB play an important role in meat fermentation by rapidly decreasing the pH. They produce some inhibitory substances such as organic acids, bacteriocins, diacetyl, hydrogen peroxide, and other compounds, thereby inhibiting the growth of spoilage and pathogenic bacteria (1, 2) . LAB starter cultures should rapidly produce adequate amount of antimicrobial compounds to improve the safety of fermented meat products. LAB have been used as starter cultures, i.e., viable microorganisms added to meat for improving the keeping quality, safety, and consumer acceptability of the meat products (3) .
LAB starter cultures are usually homofermentative since the formation of carbon dioxide and other fermentation products leads to undesirable off-flavors and other defects (3) . The starter cultures should not cause accumulation of biogenic amines, such as histamine, tyramine, cadaverine, and putrescine, in fermented foods as excessive consumption of these amines can affect the nervous, gastric, and intestinal systems and blood pressure. Availability of precursors, including amino acids and microorganisms with amino acid decarboxylase activity, can lead to accumulation of biogenic amines in foods at conditions favorable for growth and decarboxylation (4) . In addition, starter cultures with probiotic properties should also be considered. Several species of LAB are proved to function as probiotics (5) . If they are ingested in sufficient amount, they can provide health benefits to the consumers. For this purpose, they should be tolerant to hydrochloric acid (in the stomach) and bile salts (in the small intestine) in order to survive the passage through the gastrointestinal tract (6) .
However, hydrogen peroxide produced by most LAB in fermented meat products can have serious consequences. Hydrogen peroxide activates metmyoglobin during lipid oxidation in meat and therefore it is the major cause of quality deterioration. This further leads to rancidity of fat and undesirable color components in fermented meat products. In general, hydrogen peroxide produced during meat fermentation could be removed by catalase of some micrococcal starter cultures such as Staphylococcus xylosus and Micrococcus varians. Catalase is not generally produced by most of LAB; however, some LAB strains can have true or pseudocatalase activity (7) . They produce either heme-dependent catalase or heme-independent catalase (pseudocatalase). Heme-dependent catalase was induced by the addition of heme compounds, which is an iron-porphyrin complex such as hematin (7, 8) . Moreover, LAB also participate in the spontaneous reduction of nitrites to nitric oxides, which induces a typical pink color. Some meat LAB have been reported to possess nitrate reductase, which reduces nitrates to nitrites (9) . Thus, it will be useful to find a new LAB strain with catalase-and nitrate reductaseproducing ability along with other important characteristics for future use as meat starter cultures.
Materials and Methods
Raw pork and fermented pork samples Ten samples of raw pork and 22 samples of Thai fermented pork products (16 samples of nham and 6 samples of saigongyisan) were purchased from the local markets in Bangkok, Thailand. The pH and water activity values of these samples were measured at 30
Enumeration and isolation of lactic acid bacteria Total LAB counts in all the raw pork samples, nham and saigongyisan, were determined on de Man Rogosa and Sharpe agar (MRS; Difco Laboratories, Detroit, MI, USA) containing 0.5% calcium carbonate under microaerophilic condition at 37 o C for 48 h. Colonies with a clear zone were counted and different morphology colonies were picked and purified on MRS agar.
Screening of lactic acid bacteria with antagonistic and some enzymatic activities Antagonistic activity: The antagonistic activity of the selected LAB isolates was assessed by an agar spot test (10) . A loopful of each LAB isolate on the MRS agar slope was transferred into 10 mL MRS broth and incubated at 37°C for 48 h. The cultures were inoculated on the surface of a bacteriocin-screening medium (11) . The plates were incubated under microaerophilic condition at 37 o C for 48 h and then covered with 5.0 mL semisoft Tryptic Soy Agar (TSA; Difco Laboratories, with 1.0% agar) or MRS agar containing 2.0% each of the seven indicator strains: Lactobacillus plantarum TISTR 050, P. pentosaceus TISTR 414, Staphylococcus aureus TISTR 118 (obtained from the Microbiological Resources Centre for Southeast Asian Region, Bangkok MIRCEN), Salmonella Typhimurium DMST 0562, Listeria monocytogenes DMST 11256, Pseudomonas fluorescens DMST 20076, and Escherichia coli DMST 4212 (obtained from the culture collection of the Department of Medical Sciences, Ministry of Public Health, Thailand). The isolates inhibiting at least one indicator bacteria (observed by a clear zone) were selected for further screening based on suitable criteria to be used as meat starter cultures. Nitrate reductase activity: The nitrate reductase activity of the selected LAB isolates was tested by a colorimetric method, as described by Miralles et al. (12) . Briefly, the cell suspension (30 μL, 10 7 CFU/mL) of the selected LAB isolates was inoculated into a 6-mm agar well of MRS agar supplemented with 1 g/L potassium nitrate.
After incubation at 37 o C for 24 h, the surface of this agar plate was flooded with a mixture of two solutions (NIT1 and NIT2 solutions in the ratio of 1:1 v/v). The NIT1 solution was prepared by dissolving 0.8 g sulphanilic acid in 100 mL of 5 N acetic acid solution, whereas the NIT2 solution was prepared by dissolving 0.6 g N,N-dimethyl-1-naphthylamine in 100 mL of 5 N acetic acid solution. The red color surrounding the agar wells indicates the presence of nitrite or positive reaction of nitrate reductase. Catalase test: Each LAB culture from the MRS slant was tested by emulsifying the colony in 1 drop of 3.0% hydrogen peroxide on a glass slide. Immediate gas bubbling indicated a positive reaction for the catalase test (13) . Amino acid decarboxylase activity: The selected LAB isolates were tested for amino acid decarboxylase activity as described by Joosten and Northolt (14) and Bover-Cid and Holzapfel (15) with a slight modification. In order to promote the enzyme induction before the actual screening test, the LAB isolates were cultivated and subcultured for 5 times in MRS broth containing 0.1% of each precursor (Ltyrosine, L-histidine monohydrochloride, ornitine monohydrochloride, and L-lysine monohydrochloride) supplemented with 0.005% of pyridoxal-5-phosphate. These LAB cultures were then streaked onto the surface of decarboxylation medium plates (15) with and without amino acids (as control) and incubated at 37 o C for 4 days under anaerobic conditions. The purple halos around the colonies indicate the growth of decarboxylating strains, whereas the yellow halos indicate the growth of non-decarboxylating strains. The isolates with no amino acid decarboxylase activity were selected for further characterization.
Analysis of some probiotic properties Acid, sodium chloride, and bile salt tolerance: Each selected LAB isolate was cultivated in MRS broth at 37 To study lactic acid or hydrochloric acid tolerance, MRS broth (190 μL) acidified with 85% (w/v) lactic acid or 5 M hydrochloric acid was adjusted to six different pH values (pH 1.5, 2.0, 2.5, 3.0, 4.0, and 5.0) and added into each well of a microtiter plate. To study bile salt tolerance, MRS broth supplemented with porcine bile salts (0.3, 0.5, 1.0, and 1.5 % w/v) adjusted to pH 8.0 was used, whereas MRS broth with sodium chloride (1.0-11.0% w/v) was used to study salt tolerance. The inoculum suspension (10 μL) of each LAB strain was then added into each well, and subsequently incubated at 37 o C for 24 h. Turbidity was measured at 620 nm using a microplate reader (N12648 Thermo Labsystem iEMS Reader MF Type 1401, Finland). The lowest pH value of lactic acid and hydrochloric acid or the highest concentration of porcine bile salts and sodium chloride at which the isolates were able to grow were recorded (16) .
Identification of the selected lactic acid bacteria
Morphological and biochemical identification: The selected LAB isolates were initially tested for the characteristics of Gram staining, cell and colony morphology, motility, carbon dioxide production from glucose, growth at 10 and 45 o C, growth in the presence of 6.5% and 18% NaCl, and growth at pH 4.4 and 9.6 (17) . Then, the isolates were characterized by their carbohydrate fermentation patterns using the API-50 CH system (bioMerieux, France). The reference strain P. pentosaceus TISTR 414 was used to compare in this study. Molecular identification: The genomic DNA of the selected LAB isolate was extracted using the MasterPure
Gram Positive DNA Purification kit (Epicentre, Madison, WI, USA). The 16S rRNA gene was amplified by a polymerase chain reaction using primers F16SrDNA-27bac (5'-AGAGTTTGATCCTGGCTCAG-3') and R16SRDNA-1492bac (5'-GGTTACCTTGTT ACGACTT-3'). Polymerase chain reaction (PCR) was conducted in a total volume of 50 μL containing 1X PCR buffer, 100 ng genomic DNA, 1.5 mM of MgCl o C for 10 min was then performed. The 1,500 bp PCR products were purified using a QIAquick PCR purification kit (Qiagen, Hilden, Germany) and ligated to TA-cloning vector (Qiagen PCR Cloning kit, Qiagen). The recombinant plasmids were transformed into competent cells of E. coli DH5α and the transformants were selected with a blue-white screening on LB agar containing 50 μg/mL of kanamycin, 50 μM isopropyl-β-D-1-thiogalactopyranoside (IPTG) and 80 μg/mL of 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal). Plasmid DNA of the transformants was isolated using QIAprep ® Spin Miniprep kit (Qiagen). It was then sequenced by a Big dye terminator reaction method using an ABI PRISM ® 3700 DNA analyzer (First Base Laboratories Sdn Bhd, Seri Kembangan, Malaysia). Nucleotide sequences were analyzed using the BLAST program (18) .
Characterization of the selected lactic acid bacteria Antibiotic resistance: To determine the antibiotic susceptibility of the selected LAB, the minimum inhibitory concentrations (MICs) of seven antibiotics, including penicillin, tetracycline, rifampicin, erythromycin, gentamicin, cefuroxime, and chloramphenicol, against the selected LAB were determined by an agar dilution method (19) . MRS agar slants with each of the antibiotics at the final concentrations of 0.064-1,000 μg/mL were prepared. After surface drying, a loopful of the selected LAB was streaked onto the surface of each MRS agar slant. Then, all tubes were incubated at 37 o C for 48 h. The lowest concentration of the antibiotic wherein the visible growth of the selected LAB was completely inhibited was recorded as the MIC. Inhibitory activity of the antimicrobial compounds: MRS broth (10 mL) was inoculated with the selected LAB culture and incubated at 37 o C for 24 h. The cell-free supernatant was obtained by centrifugation (3,000xg) at 4 o C for 20 min, and then the pH was adjusted to 6.5 using 1 M NaOH, followed by filter sterilization through a 0.2-μm cellulose acetate filter (Whatman, Maidstone, UK). Furthermore, the inhibitory activity of the antimicrobial compounds in this culture supernatant was examined by an agar disc diffusion assay against some pathogenic bacteria, including Listeria monocytogenes DMST 11256, Salmonella Typhimurium DMST 0562, and Staphylococcus aureus TISTR 118, using the modified method of Schillinger and Lücke (20) . Briefly, the bacterial cell suspension (100 μL) was swabbed onto the surface of Brain Heart Infusion agar (Difco Laboratories). Sterile 6-mm filter paper discs (Whatman) were aseptically placed on the surfaces of each agar medium. Then, the sterile cell-free supernatant (15 μL) was immediately added to the paper disc. The plates were incubated at 37 o C for 24 h. The antimicrobial activity was evaluated by measuring the inhibition zone diameters. The experiments were conducted in triplicate. Inhibitory activity of the partially purified antimicrobial compounds: Briefly, the selected LAB strain was cultured in MRS broth at 37 o C for 24 h. Then, the overnight culture was centrifuged (8,000×g) at 4 o C for 30 min. The cell-free supernatant was adjusted to pH 6.5 and then filtered through a 0.2 μm cellulose acetate membrane filter (Whatman). Two methods of partial purification of antimicrobial compounds were compared: i) ammonium sulfate precipitation method and ii) ammonium sulfate precipitation plus a dialysis method. a) Ammonium sulfate precipitation: The cell-free culture supernatant was precipitated with ammonium sulfate to 60% saturation and stirred at 4 o C. Then, the mixture was centrifuged (8,000×g) for 30 min at 4 o C. The precipitate was resuspended in 50 mL of 0.05 M potassium phosphate buffer (pH 7.0) and divided into three portions: i) 10 mL for antimicrobial compound titer analysis (21) , ii) 2 mL for protein content analysis (22) and iii) 38 mL for further purification by dialysis.
The partially purified antimicrobial compound titer analysis of the precipitate was determined by a critical dilution method (21) . First, the inoculum suspension (0.1 mL, 10 8 CFU/mL) of the pathogenic bacterium inhibited by the antimicrobial compounds in the culture supernatant was swabbed on the entire surface of TSA (Difco Laboratories). Sterile 6-mm filter paper discs (Whatman) were aseptically placed on this TSA surface. Then, an aliquot of the partially purified antimicrobial compounds (10 μL) at each dilution (1:2 1 to 1:2 1 8 ) was placed into the paper disc. All the plates were incubated at 37 o C for 24 h and the inhibition zone was examined. The antagonistic activity was expressed as arbitrary units (AU/mL). It is proportional to the reciprocal of the highest dilution factor producing zone of inhibition (DFi). The inhibitory activity of the antimicrobial compounds was calculated as follows:
Activity of the antimicrobial compounds (AU/mL) =1/DFi×1000/volume spotted in μL b) Ammonium sulfate precipitation plus dialysis: The antimicrobial compound containing an aliquot of the obtained after ammonium sulfate precipitation was dialyzed in a tubular cellulose membrane (Spectrapor, 1,000 dalton MWCO; Thermo Fisher Scientific, Waltham, MA, USA) against 5 L of 0.05 M potassium phosphate buffer (pH 7.0) for 24 h. After dialysis, the dialysate was evenly divided into two portions for antimicrobial compound titer analysis (21) and protein content determination (22) .
Effect of hematin on the growth and catalase activity of the selected lactic acid bacterium during fermentation In this study, the effect of hematin added in SMB on the growth and catalase activity of the selected LAB strain during fermentation at 37 o C for 48 h was studied. First, SMB (containing 55 g MRS broth powder (Difco Laboratories), 20 g glucose, 2 g sodium ascorbate, 15 g sodium chloride, 2% garlic extract (prepared according to the method of Swetwiwathana et al. (23)) and 1,000 mL distilled water) with or without addition of 65 μmol/L hematin (Hematin porcine, SigmaAldrich, St. Louis, MO, USA) was prepared. Then, the cell suspension (10 7 CFU/mL) of the selected LAB was inoculated into each SMB flask (120 mL). All the flasks were incubated at 37 o C for 48 h. The optical density at 600 nm and pH value were measured at 0, 24, and 48 h of incubation. Whole cell catalase activity (catalase activity in a cell-free culture supernatant and cell pellets) was analyzed at the end of incubation. Catalase activity assay: After 48-h incubation, the culture broth was centrifuged, and the supernatant was analyzed for catalase activity by a colorimetric assay method (24) using the catalase assay kit (CAT 100; Sigma-Aldrich). This assay is based on the catalytic activity of catalase in the decomposition, as described in the technical bulletin of this assay kit. Activity of catalase is expressed as μmoles (H 2 O 2 )/ min/mL of the sample. One unit of catalase will decompose 1.0 μmole of hydrogen peroxide to oxygen and water (per minute at pH 7.0 at 25°C) at a substrate concentration of 50 mM hydrogen peroxide.
To prepare the sample for catalase activity analysis in the cell pellets, the method described by Pine et al. (25) was used. Briefly, the cell pellets were washed twice. Then, the cells were mixed with buffer in the ratio of 1:8 (v/v) and disintegrated using a sonifier operating at 100 W for 2 min. Exposure to sonic energy was at a 30-s interval in an ice bath. Whole cells and cell debris were separated by centrifugation at 8,000×g/min for 30 min. The supernatant was centrifuged at 8,000×g/min for 30 min. The clear supernatant was collected to analyze the catalase activity using CAT 100 (SigmaAldrich). The results were expressed as μmoles (H 
Results and Discussion
Screening of lactic acid bacteria from raw and fermented pork The pH and a CFU/g. Seventy-three isolates (41.9%) of 174 LAB isolates inhibited at least one of the seven tested organisms ( Table 1) .
Characterization of the selected lactic acid bacteria Only three LAB isolates (P0201, P0804, and P0805) from raw pork could produce nitrate reductase. Two isolates (P0804 and P0805) out of which were catalase positive, whereas only one (the isolate P0805) was amino acid decarboxylase negative. In terms of the ability to tolerate acid, bile salts, and sodium chloride, the isolate P0805 could tolerate the low pH of hydrochloric acid (pH 2.0) and lactic acid (pH 2.5) compared to the other two isolates (Table 2) . Thus, the isolate P0805 The LAB isolates inhibited the indicator bacteria of at least one species by an agar spot test. of HCl pH 1 ) of Lactic acid NaCl (%, w/v)
)
Bile salts (%, w/v) The lowest pH of acid at which the isolates were able to grow.
2 )
The highest concentration of sodium chloride and bile salts at which the isolates were able to grow.
was the only isolate that showed the highest tolerance to acids, bile salts, and sodium chloride. Moreover, the antimicrobial compounds produced by this LAB isolate could inhibit the growth of S. Typhimurium with an inhibition zone diameter of 12 mm. Therefore, the isolate P0805 was the most suitable LAB isolate to be used as starter cultures for fermented meat products. This isolate P0805 was further identified and characterized.
Identification of the isolate P0805 The isolate P0805 was Grampositive cocci. This isolate could grow at 6.5% NaCl, at 10 and 45 o C, and at pH 4.4 and 9.6, but could not grow in the presence of 18% NaCl. In addition, this isolate did not produce carbon dioxide from glucose. Therefore, this LAB isolate was a homofermentative lactic acid bacterium. Based on the key characteristics and test results, the isolate P0805 could be presumptively identified as genus Pediococcus or Enterococcus (17) .
The API 50 CH biochemical profiles of the isolate P0805 showed 99.6% similarity with those of P. pentosaceus. rRNA sequence analysis confirmed that the isolate P0805 was P. pentosaceus (99% similar to P. pentosaceus ATCC 25745 (CP000422.1), P. pentosaceus LM2632 (AY675245.1), P. pentosaceus SL4 (AY 675243.1), and P. pentosaceus NGRI 0305 (AB362987.1).
Antibiotic resistance of P. pentosaceus P0805 P. pentosaceus P0805 was most sensitive to erythromycin (MIC: 4 μg/mL), followed by ampicillin and chloramphenicol (MIC: 16 μg/mL), but quite resistant to rifampicin and gentamicin (MIC: 128 μg/mL) and cefuroxime (MIC: 256 μg/mL) ( Table 3) . These results are in agreement with those reported by Vidhyasagar and Jeevaratnam (26) . LAB used as starter cultures could possibly contain an antibioticresistant gene, which might be transferred to the pathogenic bacteria (27) .
Inhibitory activity of antimicrobial compounds produced by P. pentosaceus P0805 P. pentosaceus P0805 could produce antimicrobial compounds that could inhibit the growth of S. Typhimurium. The antimicrobial compounds of this bacterium were partially purified and tested for their activity. The antimicrobial compounds purified by ammonium sulfate precipitation plus dialysis had a higher inhibitory activity against the growth of S. Typhimurium (409,600 AU/mL) compared to the other fraction (Table 4) . These results corresponded to the specific activity of the antimicrobial compounds, which increased from 8.89 AU/μg in ammonium sulfate precipitation fraction to 801.83 AU/μg in ammonium sulfate precipitation plus dialysis fraction. The increase of total activity after ammonium sulfate precipitation plus dialysis may be due to the increasing concentration of the antimicrobial compounds during these purification steps. The increasing concentration of ammonium sulfate to a sufficiently high concentration leads to aggregation and ultimately, to precipitation of the protein from the solution (28) . On the other hand, protein purification dialysis is aimed to separate the compounds with lower molecular weight out of those with higher molecular weight, which are stored in a cellulose membrane bag. Thus, protein molecules with high molecular weight may have been trapped in a cellulose bag. The other compounds with low molecular weight as well as residual ammonium sulfate may diffuse through the cellulose bag, thereby increasing the purity of the antimicrobial compounds. These antimicrobial compounds could be bacteriocins. Some LAB produce bacteriocins, the antimicrobial peptides inhibiting Total activity was determined by multiplication of volume by activity.
Protein content was determined by the Bradford method (µg/mL).
Specific activity (AU/µg) is the activity unit divided by the protein concentration (µg/mL).
the growth of other bacteria. P. pentosaceus has been reported to produce bacteriocins (29) . P. pentosaceus strain K34 isolated from alheia, a traditional Portugal meat product, was found to produce bacteriocins bacPPK 34 with the activity of 12,800 AU/mL (29). Maragkoudakis et al. (30) reported that pediocin AcH-PA1 gene of P. pentosaceus PCD 237 isolated from sausages was found.
Catalase activity of P. pentosaceus P0805 The cell turbidity of P. pentosaceus P0805 in both SMB with and without hematin increased, whereas their pH values decreased as fermentation time increased. Both the cell turbidity and pH value of these culture broths rapidly changed during the first 24 h of fermentation. However, addition of hematin in SMB did not significantly affect the growth and fermentation of this bacterium (p>0.05) (Table 5) . Differently, supplementation of 65 μmol/L hematin in SMB significantly enhanced the catalase activity of this bacterium (p<0.05) ( Table 6 ). Mares et al. (7) reported that the addition of more than 60 μmol hematin per liter of growth medium resulted in a high catalase activity of L. plantarum.
In the current study, P. pentosaceus P0805 grown in both SMB with 65 μmol/L hematin and without hematin exhibited catalase activity in both the cell-free supernatant and cell pellets (Table 6 ). These results confirmed that the addition of hematin in the culture broth was not necessary for catalase production by P. pentosaceus P0805. Hematin is molecule of iron-containing porphyrin linked with hydroxide. It is a part of some redox enzymes such as catalase and peroxidase (8) . In general, most LAB are catalase negative due to their inability to synthesize heme compounds. However, certain strains of LAB, such as Pediococcus, Enterococcus, and Leuconostoc, possess a heme-dependent catalase. They have the potential to establish aerobic respiration when exogenous sources of heme are available. On the other hand, few LAB such as some strains of Pediococcus, Leuconostoc, Enterococcus, and L. plantarum are able to produce a heme-independent catalase (non-heme catalase or pseudocatalase) (7) . Therefore, catalase produced by P. pentosaceus P0805 may be pseudocatalase. The activity of this non-heme catalase does not need to be induced by addition of hematin. Engesser and Hammes (31) reported similar results. They investigated non-heme and heme catalase activity of 71 LAB species and found that non-heme catalase activity was restricted to L. plantarum, L. mali, and P. pentosaceus strains.
In conclusion, P. pentosaceus P0805 had some desirable properties such as production of inhibitory substances against S. Typhimurium; production of catalase that can remove hydrogen peroxide accumulated in fermented meat products; no production of amino acid decarboxylase, which may not cause accumulation of biogenic amines; and production of nitrate reductase, which may contribute to the formation of pink color in the fermented meat products. Moreover, this bacterium was found to be homofermentative. Lactic acid is the main product of fermentation. These factors would make this bacterium an eligible candidate for good starter cultures in meat fermentation. In fact, P. pentosaceus has been used as a commercial meat starter culture (32) . Thus, P. pentosaceus P0805 can be used as a new specific strain for a meat starter culture. For further studies, the technological properties of this bacterium as a starter culture are needed to be evaluated during real meat fermentation.
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